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A general and sensitive method for detecting divalent anions by ESI-MS and LC/ESI-MS as
positive ions has been developed. The anions are paired with tricationic reagents to form
positively charged complexes. In this study, four tricationic reagents, 2 trigonal and 2 linear,
were used to study a wide variety of anions, such as disulfonates, dicarboxylates, and
inorganic anions. The limits of detection for many of the anions studied were often improved
by tandem mass spectrometry. Tricationic pairing agents can also be used with chromatogra-
phy to enhance the detection of anions. The tricationic reagents were also used to detect
monovalent anions by monitoring the doubly charged positive complex. The limits of
detection for some of the divalent anions by this method are substantially lower than by other
current analytical techniques. (J Am Soc Mass Spectrom 2009, 20, 529–538) © 2009 Published
by Elsevier Inc. on behalf of American Society for Mass SpectrometryThe analysis of anions is of great necessity andinterest in many fields of science. Low levels oforganic acids have been determined in a variety
of samples such as food, environmental, and biological
matrices [1–9]. Some dicarboxylic acids, such as glu-
taric, fumaric, and adipic acids are marker compounds
for certain metabolic disorders and have been deter-
mined in urine samples [10]. Aromatic sulfonates are
used in many industrial processes and consumer prod-
ucts, such as laundry detergents. Many of these sulfon-
ates end up in waste water and municipal water sup-
plies, and have been determined by various methods [3,
11]. Because of the ramifications of low levels of anions
in the environment, fast and effective trace methods of
analysis are very important.
Complex environmental sample matrices often re-
quire a separation technique to isolate the analyte.
Common separation methods include ion chromatogra-
phy [1, 12–15], ion pair chromatography [3, 11, 16],
reverse-phase mode chromatography [17–19], and cap-
illary electrophoresis (CE) [4, 5, 20]. To enhance the
spectroscopic detection of anions that do not contain a
UV chromophore, some CE and high-performance liq-
uid chromatography (HPLC) methods utilize sample
derivatization [21, 22] or indirect UV or fluorescence
detection methods [23–25]. Ions have also been detected
Address reprint requests to Dr. D. W. Armstrong, Department of Chemistry
and Biochemistry, University of Texas Arlington, Box 19065, Arlington, TX
76019, USA. E-mail: Sec4dwa@uta.edu
© 2009 Published by Elsevier Inc. on behalf of American Society for M
1044-0305/09/$32.00
doi:10.1016/j.jasms.2008.11.015by ion-selective electrodes and conductivity [26–31].
Mass spectrometry (MS) provides universal detection
for anions and is being used more and more, either
alone [13, 32] or paired with a separation technique [3,
6, 18, 33].
Electrospray ionization (ESI)-MS is a logical choice
for ion detection because of the inherent charge state of
the analyte. Negative mode ESI-MS is the most common
way of detecting anions. Problematically, negative ion
mode operation with standard chromatographic sol-
vents, such as methanol and water, can lead to poorer
spray stability, corona discharge, and arcing, which
ultimately lead to poor detection limits [34, 35]. Halo-
genated solvents [35–38] or electron scavenging gases
[39] can be used to suppress these effects.
Operating in positive mode ESI would help to avoid
the stability problems of negative mode ESI-MS and the
use of unconventional solvents. A method was devel-
oped to detect singly charged anions using positive
mode ESI-MS by pairing the anion with a dicationic
reagent to create a positively charged complex [14, 15,
40–43]. There are multiple advantages to this method
beyond the use of positive mode ESI-MS. One benefit of
monitoring the anion/dication pair is moving the anion
to a higher mass region where there is lower back-
ground noise. Additionally, anions of low mass are
moved well above the low mass cutoff when quadru-
pole instruments, such as an ion trap, are used. Also,
the pairing reagents may be used to differentiate be-
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same m/z [40].
Most recently, tricationic reagents were paired with
divalent anions, which again could be detected as a
singly charged complex [44, 45]. The first group of
tricationic reagents used as pairing agents were classi-
fied as trigonal trications [44]. These trications have
fairly rigid structures and provided detection sensitiv-
ity enhancement for many of the anions tested. Past
results have indicated that rigid dicationic pairing
agents did not work as well as more flexible dications
[43], so a second class of tricationic reagents was
developed. The second group of tricationic reagents is
linear and more flexible [46]. The limit of detection
(LOD) for many of the divalent anions tested was lower
for the linear trications than the trigonal cations [45]. In
the present study, the best two trigonal and two linear
tricationic reagents from these previous studies are
used to determine detection sensitivity for a wide
variety of divalent anions. LOD trends for a given
tricationic reagent or class and analyte type (e.g., dicar-
boxylate, disulfonate) would aid in future method de-
velopment. The use of tricationic reagents in MS-MS
and possible dissociation mechanisms are discussed as
well. Additionally, these tricationic reagents can be
used for the detection of monovalent anions as a doubly
charged complex, which has not been previously stud-
ied with tricationic reagents. This leads to the possibil-
ity of detecting both singly and doubly charged anions
using a singular tricationic reagent.
Experimental
The water and methanol used in these experiments were
of HPLC grade and obtained from Burdick and Jackson
(Morristown, NJ). Reagent grade sodium hydroxide and
sodium fluoride were from Fisher Scientific (Pittsburgh,
PA). The anions listed in Tables 1 and 3were purchased asFigure 1. The structures of the four tricationieither the sodium or potassium salt or in the acid form
from Sigma-Aldrich, with the exception of butanedisulfo-
nic acid and 1,5-naphthalenedisulfonic acid, which were
purchased from TCI America (Portland, OR). Stock solu-
tions (1 mg/mL) were made weekly and diluted serially
for analysis.
The tricationic reagents evaluated in this study, as
shown in Figure 1, were synthesized according to
previous reports [44–47]. Before analysis, each trication
was anion-exchanged to the fluoride form as previously
reported [44].
For direct injection analysis, a 40 M trication-
fluoride solution was pumped into a Y-type mixing tee
at 100 L/min using a Shimadzu LC-6A pump (Shi-
madzu, Columbia, MD). Also directed into the mixing
tee was a 2:1 mixture of methanol:water at a flow rate of
300 L/min using the Surveyor MS pump (Thermo
Fisher Scientific, San Jose, CA). This set-up leads to an
overall solvent composition of 50/50 water/methanol
with 10 M tricationic reagent and a total flow rate of 400
L/min. The six-port injection valve on the mass spec-
trometer (5 L loop) was used for sample introduction.
A Finnigan LXQ (Thermo Fisher Scientific) ESI-MS
instrument was used for the analysis of anions in this
study. The ESI-MS conditions used were: spray voltage
3 kV; sheath gas flow, 37 arbitrary units (AU); auxiliary
gas flow rate, 6 AU; capillary voltage, 11 V; capillary
temperature, 350 °C; tube lens voltage, 105 V. The
trication–anion complex was monitored in SIM mode
with a width of 5 m/z units. This range was chosen to
include isotope peaks, and LOD determinations were
made from extracted ion chromatograms of the cation–
anion complex m/z. For SRM experiments, the isolation
width was 1 to 5 units with a normalized collision
energy of 30 and an activation time of 30 ms. Data were
analyzed using the Xcalibur and Tune Plus software
(Thermo Fisher Scientific). The limits of detection werec ion-pairing reagents used in this study.
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tration resulted in a signal-to-noise ratio of three.
For the chromatography experiments, sample intro-
duction was made by a Thermo Fisher Surveyor au-
tosampler (5 L injections). The stationary phase used
was a Cyclobond 1 (25 cm  2.1 mm) obtained from
Advanced Separation Technology (Whippany, NJ). The
flow rate was 300 L/min, and the column was equil-
ibrated with 100% methanol and a step gradient to
100% water was applied at 5 min. The tricationic
reagent (40 M) was added to the column effluent at
100 L/min via the mixing tee. The mass spectrometer
was operated in SIMmode, monitoring the mass of each
dianion/trication complex throughout the chromato-
graphic run.
Results and Discussion
The tricationic reagents used in this study were chosen
to represent the best performing trigonal and linear
trications used in previous studies [44, 45]. These four
tricationic reagents offer a variety of functional groups
as well as differences in rigidity. The linear trications
contain both an imidazolium core with different chain
lengths and terminal charged groups. Linear trication 1
(LTC 1, Figure 1) has C10 linkages between the central
imidazolium and tripropylphosphonium (TPP) termi-
nal charged groups. Linear trication 2 (LTC 2, Figure 1)
has benzylimidazolium terminal charge groups with a
C6 linkage chain. Trigonal trication 1 (TTC 1, Figure 1)
has a benzene core with three TPP charged groups.
Trigonal trication 2 (TTC 2, Figure 1) consists of a
mesitylene core with three n-butylimidazolium groups
in the 2,4,6 positions.
A variety of divalent anions were chosen to evaluate
the ion-pairing performance of the tricationic reagents.
The anions can be divided into categories based on their
functional groups. The groups are: disulfonates, dicar-
boxylates, metal containing compounds, other sulfur
containing compounds, and miscellaneous compounds.
Within the disulfonate and dicarboxylate categories, an
effort was made to include compounds with varying
chain lengths and functional groups to investigate any
effect these might have on limits of detection.
Table 1 shows the 34 divalent anions used in this
study and their limits of detection using each of the four
tricationic reagents. They are arranged into the anion
categories with the lower limits of detection at the top of
each category. An examination of the LODs with the
bold type-face, which indicate the lowest LOD for each
anion, in Table 1 indicates that about 2/3 of the lowest
LODs are for the linear tricationic reagents. Addition-
ally, LTC 1 and TTC 1, which are the phosphonium
containing reagents, (Figure 1), account for 26 (of 34) of
the lowest LODs. The exceptional overall performance
of the TPP reagents for this set of divalent anions is in
agreement with previous studies [45].
Generally, the disulfonates have lower limits of detec-
tion than dicarboxylates. The lowest LODs for the disul-fonates are for dihydroxynaphthalenedisulfonate and m-
benzenedisulfonate using TTC 1. The disulfonates with
aromatic groups (dihydroxynaphthalenedisulfonate, m-
benzenedisulfonate, 4-formyl-m-benzenedisulfonate,
anthraquinone-2,6-disulfonate) usually had lower LODs
than the straight chain disulfonates. Methane, ethane,
propane, and butane disulfonic acids were evaluated
with each tricationic reagent. There does not appear to
be a trend in the detection limit based on the increasing
chain length for the disulfonic acids except when using
TTC 1, where methane disulfonic acid had a higher
LOD than for the longer chain disulfonates. For the
disulfonate category as a whole, the trigonal trication
reagents performed better than the linear ones.
Two of the other sulfur containing compounds,
besides the disulfonates, also shown low LODs. In fact,
the LOD for tetrathionate, using LTC 1, is the lowest of
all the anions tested when operating in SIM mode (50
fg). Tetrathionate and peroxidisulfate were very near
the lowest LODs for both LTC 1 and 2, but had LODs
higher than most of the disulfonates for TTC 1 and 2.
There appears to be excellent complexation for these
sulfur-oxo compounds with the linear trications. Two
other sulfur containing compounds (i.e., the bisulfites)
had nearly the highest LODs for all of the trications
(Table 1).
Among the dicarboxylates studied, dipivaloyl-tartrate
has the best LOD when pairing with all of the trications
studied and for LTC 1 has a lower LOD than all of the
disulfonates. For the tricationic reagents with benzene/
mesitylene cores or charged groups (LTC 2, TTC 1, and
TTC 2), the dicarboxylates with nonhalogen chain sub-
stitutions (dipivaloyl-tartrate, phenylsuccinate, methyl-
succinate, and malate) have lower limits of detection
than the straight chain dicarboxylates (Table 1). The
halogenated dicarboxylates (chlorosuccinate and dibro-
momaleate) had lower LODs using the trigonal trica-
tions (Table 1). For the straight chain dicarboxylates
studied, glutarate, (C5), had the lowest limit of detec-
tion, followed by pimelate, (C7), and then adipate, (C6).
With LTC 1, the LOD for adipate is about 7 times higher
than for glutarate, though they only differ by one
carbon in chain length. For the dicarboxylate category
in general, the linear trications outperformed the trigo-
nal ones.
The inorganic compounds studied generally had
higher LODs than the organic acids and disulfonates.
ReCl6 showed the best results of the inorganic com-
pounds studied and had a limit of detection in the top
five for LTC 1, LTC 2, and TTC 2. Two phosphorus
containing compounds were also studied. Phenyl phos-
phate had lower LODs than hydrogen phosphite. This
result is in general agreement with earlier work that
used dicationic reagents and singly charged anions,
which found that more oxidized species had better
LODs [42].
The additional application of the tricationic reagent
to enhance detection for chromatography is shown in
Figure 2. Three dianions (camphorate, phenylsuccinate,
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-cyclodextrin stationary phase. The trication is added
post-column. The better peak shape for the late eluting
naphthalene-1,5-disulfonate peak is likely due to the
step gradient employed. The first two peaks are broad-
ened before the mobile phase is changed, while the
third peak is eluted by the strong solvent. Chromato-
graphic retention and separation of dianions could be
very useful in cases of complex sample matrixes.
The limits of detection for most of the divalent
anions could be reduced by using single-reaction mon-
itoring (SRM). Some advantages of SRM are to improve
specificity in analysis, to lower noise in the region being
analyzed, and/or to eliminate interference by a back-
Table 1. Limits of detection for divalent anions using four trica
Line
LTC 1
LOD (ng)
Disulfonates
Dihydroxynaphthalenedisulfonate 7.50E-02
m-Benzenedisulfonate 2.50E-02
4-Formyl-m-benzenedisulfonate 1.25E-01
Naphthalene-1,5-disulfonate 6.00E-02
Butanedisulfonate 1.25E-01
Propanedisulfonate 1.00E-01
Anthraquinone-2,6-disulfonate 2.50E-02
Methanedisulfonate 1.00E-01
Ethanedisulfonate 3.50E-02
Dicarboxylates
Dipivolyltartarate 1.75E-02
Camphorate 6.00E-02
Phenylsuccinate 1.50E-01
Glutarate 7.00E-02
Malate 2.60E-01
Methylsuccinate 2.00E-01
Fumarate 1.50E-01
Pimelate 1.50E-01
Malonate 2.00E00
Adipate 5.00E-01
Dibromomaleate 8.50E-01
Chlorosuccinate 3.75E00
Metal containing compounds
Hexachlororhenate ReCl6 1.50E-02
Chromate CrO4 2.50E-01
Molybdate MoO4 1.50E-01
Manganate MnO4 1.00E00
Arsenate AsO4 7.50E-01
Other sulfur compounds
Tetrathionate S4O6 5.00E-04
Peroxidisulfate S208 1.20E-02
Succinaldehyde bisulfite 1.25E01
Glutaraldehyde bisulfite 3.50E00
Miscellaneous compounds
Phenylphosphate 4.00E-02
Rhodizonate 1.05E-01
Hydrogen phosphite 1.50E-01
Selenite 1.25E00
*Limit of detection determined where the amount of analyte used resu
Bold typeface indicates the lowest limit of detection for each anion.
— Indicates that a dianion/trication complex was not observed.ground ion in the mass spectrometer. In SRM, thedianion–trication complex is trapped, excited, and the
transition to a resultant fragment is monitored. SRM
analysis was performed for each dianion and the results
are shown in Table 2.
For LTC 1, most SRM transitions were to a fragment
of the trication. Most of the dianion/trication complexes
fragmented to eitherm/z 665.5 [LTC1-2H]1 orm/z 367.4
corresponding to the C10TPP imidazole (shown in Fig-
ure 3a). The inorganic anions, tetrathionate, peroxidis-
ulfate, fumarate, phenylphosphate, and phenylsucci-
nate did not fragment to m/z 665 or 367.4. For these 2
anions, a portion of the dianion was lost and the 1
complex between the trication and the remainder of the
dianion was monitored. An example is tetrathionate
pairing reagents in selected ion monitoring (SIM) mode*
cations Trigonal trications
LTC 2 TTC 1 TTC 2
LOD (ng) LOD (ng) LOD (ng)
5.00E-02 7.50E-03 1.20E-02
5.00E-02 8.75E-03 1.00E-02
3.75E-02 1.00E-02 1.50E-02
1.25E-02 2.00E-02 3.00E-02
5.00E-02 3.00E-02 2.00E-02
2.00E-01 2.45E-02 7.50E-02
5.00E-02 7.50E-02 5.00E-02
3.00E-02 6.00E-02 3.00E-02
2.25E-01 3.60E-02 4.00E-02
1.25E-02 1.50E-02 1.50E-02
1.50E-01 6.00E-02 5.00E-01
7.50E-02 5.00E-02 1.00E-01
2.00E-01 1.00E00 5.00E-01
5.00E-02 2.25E-01 5.00E-01
7.50E-02 2.50E-01 1.00E-01
4.00E-01 1.50E00 7.50E00
2.00E-01 2.50E00 7.50E-01
1.38E00 8.75E-01 3.00E-01
8.00E-01 2.25E00 1.50E00
1.00E00 1.00E-01 1.75E-01
1.88E00 2.25E-01 9.00E-01
3.00E-02 1.50E-01 2.00E-02
7.50E-01 6.25E00 7.50E-02
2.50E00 3.75E-01 7.50E-01
— 3.75E-01 8.75E-01
2.25E00 2.50E00 1.00E00
2.25E-02 2.50E-02 5.00E-02
1.65E-02 7.50E-02 2.00E-01
2.50E01 1.25E00 5.00E00
2.50E00 1.75E00 2.50E00
1.00E-01 7.50E-02 5.00E-02
5.00E-01 3.75E00 3.75E-01
5.00E-01 3.75E-01 2.50E-01
— 3.50E-01 3.75E00
S/N  3.tionic
ar tri
lts inwhere the complex fragment monitored (m/z 811.6)
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fragments for LTC 2, were either the loss of one
hydrogen each from two of the imidazolium rings (m/z
551.3) or the loss of the benzylimidazolium group
(Figure 3b). For the complexes that lost the benzylimida-
zolium group, the dianion stayed complexed with the
remainder of the trication. This unconventional fragmen-
tation occurred with LTC 2 for the inorganic anions,
peroxidisulfate, tetrathionate, rhodizonate, phenylphos-
phate, and dihydroxynaphthalenedisulfonic acid.
The predominant fragment monitored for TTC 1 is
the loss of two hydrogens from the methylene carbons
between the phosphorus and benzene ring. Only man-
ganate, peroxidisulfate, tetrathionate, hexachlororhe-
nate, and chromate underwent alternate fragmentation.
The major fragmentation pathway for TTC 2 is the loss
of the butylimidazolium group from the overall com-
plex, so the dianion remains with the rest of the
trication. Arsenate, peroxidisulfate, tetrathionate, rh-
Figure 2. An extracted ion chromatogram rep
phenylsuccinate (peak 2), and naphthalene-1,5-d
listed. This separation was performed on a -cyc
was equilibrated with 100% methanol. A step gr
rate was 300 L/min and 40 M LTC 1 was intr
of 100 L/min. The three trication–dianion com
mode.odizonate, hexachlororhenate, glutaraldehyde bisulfate,dihydroxynaphthalenedisulfonic acid, adipate, and
pimelate, succinaldehyde bisulfite, and camphorate fol-
lowed alternate fragmentation patterns with TTC 2.
The group of compounds that had the largest im-
provements in LOD between SIM and SRM were the
disulfonates. With one or more of the trications studied,
each disulfonate had its LOD improved by at least an
order of magnitude. The disulfonates were the only
analytes to follow fragmentation for LTC 1 and LTC 2 as
shown in Figure 3a and b, respectively. While the
largest change in LOD was seen for the linear trications,
the trigonal trications had the lowest LOD for five of the
nine disulfonates studied.
Chlorosuccinate and dibromomaleate also had inter-
esting fragmentation patterns. In the case of these
analytes, the halogen is lost from the anion and remains
paired with the trication (or a portion of it). This was
seen in our previous study on the linear trications [45].
Figure 4a illustrates a proposed fragmentation pattern
ting the LC separation of camphorate (peak 1),
nate (peak 3) with the retention times (RT) also
xtrin stationary phase (2.1 mm  25 cm), which
t to 100% water was applied at 5 min. The flow
ed with a tee-piece to the effluent at a flow rate
masses were monitored simultaneously in SIMresen
isulfo
lode
adien
oduc
plexfor dibromomaleate using TTC 1. The distinct isotopic
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gas-phase association of the bromine with a 2 frag-
ment of the trication. The improvement in LOD be-
tween SIM and SRM was larger for the halogenated
dicarboxylates using the trigonal trications.
Phenylphosphate showed an improvement of 2-3
orders of magnitude by SRM for both linear trications.
The SRM LODs for the dicarboxylates ranged from just
slightly better than SIM LODS to about 8 times better,
with the exception of fumarate and malonate which
showed 18-fold (LTC 2) and 20-fold (LTC 1) improve-
ments, respectively. Arsenate (LTC 2), hexachloro-
rhenate (LTC 2, TTC 1), and glutaraldehyde bisulfite
(LTC 1) were the only other analytes with improve-
Table 2. Limits of detection for divalent anions using four trica
Line
LTC 1
LOD (ng)
Disulfonates
Dihydroxynaphthalenedisulfonate 2.75E-03
m-Benzenedisulfonate 5.00E-04
4-Formyl-m-benzenedisulfonate 5.00E-03
Naphthalene-1,5-disulfonate 4.61E-04
Butanedisulfonate 4.50E-03
Propanedisulfonate 2.00E-02
Anthraquinone-2,6-disulfonate 1.13E-03
Methanedisulfonate 3.25E-03
Ethanedisulfonate 1.50E-03
Dicarboxylates
Dipivolyltartarate 6.25E-03
Camphorate 4.50E-02
Phenylsuccinate 1.00E00
Glutarate 3.75E-02
Malate 7.00E-02
Methylsuccinate 2.40E-02
Fumarate 1.00E-02
Pimelate 3.00E-02
Malonate 1.00E-01
Adipate 1.20E-01
Dibromomaleate 7.50E-02
Chlorosuccinate 1.50E00
Metal containing compounds
Hexachlororhenate ReCl6 2.00E-03
Chromate CrO4 7.50E-02
Molybdate MoO4 2.50E-02
Manganate MnO4 3.75E-01
Arsenate AsO4 9.00E-02
Other sulfur compounds
Tetrathionate S4O6 1.00E-05
Peroxidisulfate S208 1.25E-03
Succinaldehyde bisulfite 7.50E00
Glutaraldehyde bisulfite 5.00E-02
Miscellaneous compounds
Phenylphosphate 5.00E-06
Rhodizonate 1.05E-01
Hydrogen phosphite 3.25E-02
Selenite 7.50E-02
*Limit of detection determined where the amount of analyte used resu
Bold typeface indicates the lowest limit of detection for each anion.
— Indicates that a dianion/trication complex was not observed.ments of an order of magnitude or more. In general, thelinear trications had lower LODs for SRM than the
trigonal cations.
The tricationic reagents can pair with doubly
charged anions to form complexes with an overall 1
charge, but can also pair with singly charged anions to
form 2 complexes. Five “mono-anions” were evalu-
ated using the four tricationic reagents to determine
their limits of detection. The data for SIM and SRM for
these anions is shown in Table 3. The LOD for ben-
zenedisulfonate both by SIM and SRM is the lowest for
the five singly charged anions tested. In comparison to
the SIM LOD for the dicationic reagents tested in a
previous study [43], the LOD for benzenedisulfonate
ranks second using LTC 1 as a pairing reagent. The
pairing reagent in selected reaction monitoring (SRM) mode*
cations Trigonal trications
LTC 2 TTC 1 TTC 2
LOD (ng) LOD (ng) LOD (ng)
5.00E-03 7.50E-03 1.20E-03
3.00E-03 6.25E-03 1.25E-03
1.00E-02 — 1.50E-03
4.38E00 4.50E-03 3.60E-03
6.25E-03 3.50E-03 4.50E-03
1.25E-02 7.50E-03 4.50E-03
7.50E-04 3.60E-03 7.90E-03
3.15E-03 4.50E-02 3.00E-03
8.75E-03 1.44E-02 9.80E-03
3.75E-03 1.00E-02 5.50E-03
4.50E-02 3.00E-02 2.00E-01
7.50E-02 1.00E-01 2.50E-02
6.00E-02 7.50E-01 1.50E-01
1.50E-02 — —
3.75E-02 1.05E-01 4.00E-02
2.25E-02 1.50E00 —
7.50E-02 3.25E00 7.50E-01
1.20E-01 3.00E-01 5.00E-01
2.25E-01 2.25E00 1.50E00
3.00E-02 3.50E-02 2.50E-03
3.75E00 4.50E-01 —
3.00E-03 1.00E-02 2.00E-02
2.25E-01 3.00E-01 4.00E-02
2.50E00 5.00E-01 1.58E-01
— 1.25E-01 7.50E-01
2.00E-01 5.75E-01 2.75E-01
4.00E-04 5.00E-04 5.00E-03
1.15E-03 6.75E-03 6.00E-03
1.50E01 1.50E00 5.50E00
2.50E00 8.75E-01 3.00E00
1.00E-03 1.13E-02 1.50E-02
5.00E-01 3.75E00 1.25E-01
2.00E-01 1.00E00 3.50E-02
— 7.00E-02 2.63E00
S/N  3.tionic
ar tri
lts inLODs in this study for perfluorooctanate and mono-
– is a
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dicationic pairing reagents previously studied [43]. The
ability of the tricationic reagents to pair with doubly
and singly charged anions shows that the use of a single
tricationic pairing reagent could be used to evaluate
both monovalent and divalent anions simultaneously.
The LODs in this study compare favorably with
those reported for anion analysis by other methods.
There are many methods reported for the analysis of
biologically relevant organic acids. In our study, the
LODs for fumarate and methylsuccinate were 10 and 24
pg, respectively. Lower limits were determined, 0.9 pg
fumarate and 0.5 pg methylsuccinate, by an LC method
where the analytes were subjected to a long derivatiza-
tion process to use fluorescence detection [21]. CE
analysis with indirect UV detection was used to deter-
mine levels of various organic acids. The LODs under
the optimized CE conditions for malonic acid, methyl-
succinic acid, glutaric acid, and adipic acid reported are
144, 37.3, 34.9, and 72.2 pg, respectively. Our SRM
tricationic method showed lower LODs for the malonic
and methylsuccinic acids (100 and 24 pg), similar re-
sults for the glutaric acid (37.5 pg), and higher results
for adipic acid (120 pg) [24]. A number of the analytes in
that study had very similar migration times and, with-
out a more specific detection method, might be indis-
tinguishable in that analysis.
Larger improvements over previous methods were
seen with the disulfonates. A LOD of 200 pg for
Figure 3. Proposed fragmentation pathways f
A2– represents a general divalent anion and HAbenzenedisulfonate by LC-UV was reported [19]. Usingour method and TTC 1, the LOD for the same analyte is
8.75 pg using SIM detection and 500 fg using LTC 1 and
SRM detection. Other aromatic sulfonates were deter-
mined in concentration ranges of 0.1–1 ng/mL by
solid-phase extraction-ion pair chromatography using
UV detection [11] and 100–400 ng/mL by CE/MS [3].
The LOD for napthalene-1,5-disulfonic acid was deter-
mined by ion interaction chromatography both by the
direct injection of a large sample volume (100 uL) and
preconcentration (sample volume of 50 mL) [16]. The
LODs were 20 ng for the large sample volume and 30 ng
for the sample preconcentration. Using the tricationic
pairing method and no preconcentration, the LOD for
this analyte is 12.5 pg in SIM mode and 461 fg in SRM.
The analysis of inorganic ions is also important,
though not always as facile as the detection of organic
acids or disulfonates. A coated-wire membrane sensor
electrode was used to determine chromate levels in
solution [48]. The LOD for this method was determined
in a solution that was 116 ng/mL. In our analysis of
chromate, the lowest solution concentration we ana-
lyzed was 8 ng/mL in SRM mode using TTC 2, for an
absolute detection limit of 40 pg. Molybdate levels in
various water samples were determined by coprecipi-
tation and neutron activation analysis, a very labor
intensive technique that can necessitate the use of a
reactor [49]. The limit of detection for this method was
1 pg/mL using a 100 mL sample, for an absolute
detection of 100 pg of molybdate. Using LTC 1, the LOD
e disulfonates using LTC 1 (a) and LTC 2 (b).
singly protonated divalent anion.or thfor molybdate in SRM is 25 pg. Another precipitation
536 WARNKE ET AL. J Am Soc Mass Spectrom 2009, 20, 529–538method was used to preconcentrate ReCl6 followed by
detection using selective excitation of probe ion lumi-
nescence [50]. In this study, 150 pg of ReCl6 was needed
to see an observable signal. In our study, ReCl6 was
determined well below 150 pg in both SIM (15 pg) and
SRM (2 pg) monitoring modes.
Figure 4. Proposed fragmentation pathway of
(b) shows an injection monitoring the SRM transit
fragment spectrum observed for the peak shown
nearly the same height, indicative of Br.
Table 3. LODs in SIM and SRM modes for monovalent anions
SIM mode
Linear tr
LTC 1
LOD (ng)
Benzenesulfonate 1.50E-03
Perfluorooctanoate 5.00E-02
Trifluoromethanesulfonimide 1.05E-02
Monochloroacetate 7.00E00
Benzoate 6.25E01
SRM mode LOD (ng)
Benzenesulfonate 9.50E-05
Perfluorooctanoate 3.00E-04
Trifluoromethanesulfonimide 1.05E-02
Monochloroacetate —
Benzoate —
*Limit of detection determined where the amount of analyte used resu
Bold typeface indicates the lowest limit of detection for each anion.
— Indicates that a dianion/trication complex was not observed.Conclusions
Four optimal tricationic pairing reagents were used to
determine the limits of detection for 34 divalent anions
and five monovalent anions. The linear and trigonal
tricationic reagents performed about equally as a
SRM transition for dibromomaleate (a). Panel
om m/z 869à to 675.33 and 677.42. Panel (c) is the
). The main peaks are two mass units apart and
four tricationic pairing reagents*
ns Trigonal trications
LTC 2 TTC 1 TTC 2
LOD (ng) LOD (ng) LOD (ng)
9.00E-03 1.50E-02 3.13E-03
2.75E-02 1.50E-02 5.00E-02
7.50E-02 3.00E-02 1.00E-01
1.25E01 1.00E-01 2.00E00
8.75E00 3.75E00 9.65E-02
LOD (ng) LOD (ng) LOD (ng)
2.70E-03 3.50E-03 1.38E-03
4.13E-03 3.00E-03 1.63E-03
6.00E-02 2.50E-02 3.43E-04
1.00E01 1.00E-02 7.50E-02
8.75E00 3.75E-01 9.65E-02
S/N  3.the
ion fr
in (busing
icatio
lts in
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nium cationic moieties outperformed trications with
imidazolium based charge groups. When evaluating
tricationic reagents, our results show that the linear
trications provide lower limits of detection for most
classes of compounds and should be tested first. The
exception to this is the determination of disulfonates,
where trigonal trications generally perform better. The
use of tandem MS on the trication/di-anion complex
helps to improve the sensitivity of detection for most of
the dianions studied. Those complexes that dissociate
into fragments not common to the trication showed the
lowest limits of detection. Tricationic ion-pairing agents
can also be used to determine monovalent anions by
monitoring the 2 complexes. Therefore, mixtures of
monovalent and divalent anions could be studied using
a single tricationic reagent. Many of the LODs in this
study are better or similar to those that have been
previously reported, however this method is advanta-
geous as it does not involve intricate sample prepara-
tion or preconcentration and may be accessible to more
laboratories.
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